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ABSTRACT 


1.  INTRODUCTION 


oild#,  AljOj,  ia  its  varioas  pkitti  is  iaportaat  ia  s  aaabsr 
of  technologies!  spplicstioas  that  iaclade  heterogeaeoas  catalysts  sad 
■icroslsctroaie  devices.  Ia  order  to  better  appreciete  the  role  of  Al^Oj 
ia  these  areas,  a  detailed  aaderstsadlag  of  the  sarface  elect roaic 
stractare  of  the  differeat  tons  of  is  repaired.  Previons 

experiaeatsl  stadias  of  il^Oj  ased  techaiqaes  saeh  as  optical  absorptioa 
sad  reflectioa  spectroscopies,*-*  electroa  energy  loss  spectrosoopy 
(ELS),*-*  sad  photocoadactivity*  to  detemiae  the  balk  electroaic  stractare 
of  AljOj,  These  electroaic  stractare  stadias  vers  perfomed  oa  sssiples 
rsagiag  fr®  single  aad  polyerystslliae  a-  sad  y-Al^Oj  to  morpheas  filas. 
The  aaia  objective  of  the  optical  esperiaeats  was  the  detesmiaatioa  of  the 


bead  gap  ia  the  varioas  foias  of  Al^O^.  This  de teraiae tioa  was  coaplicated 
by  the  possibility  that  an  excitoaie  state  existed  near  the  coadact ioa-baad 
aiaiam  (CRN).*'*  Ia  addition  to  the  band  gap  iaforaatioa,  the  absorptioa 


data  of  Arakava  aad  Villims*  coataiaed  seas  iatrigaiag  featares  which 
coaid  not  be  attribated  either  to  plamoas  or  to  excitoaie  traasitioas. 
Earlier  ELS  data  by  Swaasoa*  coataiaed  siailar  featares,  which  are 
apparently  the  resalt  of  iaterbaad  traasitioas  ia  Ai^Oj. 

Several  theoretical  detemiaatioas  of  the  eleetroaie  stractare  of 
varioas  Al^Oj  aaalogass  have  beea  perfomed.  These  ealealatioas  were  besed 
on  eealquantitative  aodels,^**^  or  Molecular  units  of  the  types  A10^~  , 
(Ref.  11)  A10~*.  (Refs.  12  aad  21)  aad  AljOj  (Ref.  13).  More 
sophisticated  ealealatioas  ased  ssnieapiricsl  techaiqaes,  saeh  as  the 


approximation. The  most  rtcttt  calculation*  which  employed  a  modified 
extended  Hnckel  Theory,  is  that  of  Ciraci  and  Batrak  who  presented 
comparisons  with  good  agremsent  between  their  theory  and  existing 
experimental  data*  They  also  presented  the  results  of  a  calculation  for  a 
thin  Al^Oj  slab,  which  emphasised  the  surface  contributions  to  the 
electronic  structure* 

The  first  attempt  to  establish  the  experimental  Al^o^  band  structure 

in  the  conduction,  valence,  and  core  regions  was  made  by  Balxarotti  and 
17 

Bianconi  (BB>*  They  used  I- ray  photoelectron  spectroscopy  (XPS)  on 

various  forma  of  Al^Oj,  in  conjunction  with  existing  optical^  and  ELS 

data,*  in  order  to  establish  the  baud  structures  of  a-,  7-,  end  amorphous 

A^Oj.  **  concluded  that  all  three  forms  of  AljO^  had  similar  electronic 

structures.  Especially  noteworthy  features  were  an  exci tonic  state  just 

below  and  a  high  density  of  states  just  above  the  (SB.  XPS  data  for 

e-Al20j,  which  differed  slightly  frm  that  of  BB,  were  also  reported  by 

Kowalexyk,  at  al,**  The  electronic  structure  of  Al^Oj  was  also  studied  by 

19—24 

X-ray  absorption  spsetroaaopy  (XA8),  X-ray  ■iuioa  apoctrosaopy 

(XES),**  **  iai  rsflaatioa  Baflaatioa  8L8  eaa  b*  parfotnad 

till  loo  aasrgy  alaatroa  ktaii  to  aahaaaa  tka  aaaaitioity  to  sarfaaa 

21 

losses.  The  ELS  experiments  of  Olivier  and  Poirier  (OP)  contained 
features  which  were  not  observed  in  previous  optical  measursents. 
Extensive  studies  of  oxygen  ch^isorbed  on  well  defined  A1  surfaces  have 
also  baaa  nnd,rtak*a.  Tka  X-ray  absorption  raanlta  f ran  sons  of  thaas 
atntfiaa  ksva  boon  sxtrapolatad  to  iljOj  anrfaaaa.3®'*1  ioaaoar.  thaaa 
axpariaaata  vara  parfomad  on  saaplas  groan  tram  tba  ii  aitn  oxidation  of 
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•  ltminitai  aetal,  the  pyrolitie  dec  on  posit  ion  of  AlCl^,  or  amorphous  Al^O^ 
••spies  vhich  were  sintered  in  sir*  Consequently,  the  phase  composition  of 
the  saaples  in  these  studies  was  uncertain.  In  order  to  detexaine  the  bulk 
and  surface  electronic  structure  of  the  various  phases  of  Al^Oj, 
experiments  should  be  performed  on  veil  characterixed  surfaces  of  single 
crystals. 

The  most  veil  defined  Al^O^  surfaces  currently  available  are  prepared 
fra  industrial  sapphire  (corundaa),  vhich  is  undoped,  single  crystal 
a-Al^o^.**  High  quality  sapphire  saaples  are  commercial ly  available,  since 
several  different  crystal  faces  are  often  used  as  substrates  for  epitaxial 
grovth  of  silicon-on-sapphire  (SOS)  structures.  The  sapphire  (1102) 
surface  has  been  studied  extensively  by  lov  energy  electron  diffraction 
(LEED),  Auger  electron  spectroscopy  (AES),**  ^  and  Rutherford 
backscattering  spectroscopy**  in  conjunction  vith  SOS  applications. 

In  order  to  initiate  more  careful  studies  of  the  electronic  structure 
of  the  various  forms  of  AlgOj,  this  study  aa ployed  a  combination  of  IPS  and 
reflection  ELS  techniques  to  gather  information  f ran  a  single  crystal  of 
sapphire  oriented  to  expose  a  (1102)  plane.  The  details  of  the 
experimental  procedure  used  are  discussed  in  Section  11,  and  the  results  of 
the  experiments  are  presented  in  Section  111.  The  data  are  compared  to  the 
band  structure  calculations  of  Ciraci  and  Batra**  in  Section  IV,  along  vith 
a  discussion  of  hov  the  interpretation  of  the  present  results  compares  and 
contrasts  vith  the  vork  of  other  investigators.  The  primary  conclusions  of 
this  study  are  listed  in  Section  V. 


II.  EXPERIMENTAL  PROCEDURE 


Single  cryitili  of  sapphire  oriented  and  polished  on  the  (ll02)  plane 
were  obtained  free  the  Union  Carbide  C<m pa ny •  Crystal  Prodncts  Division. 
Using  a  dismond  tipped  scribe  saiiples  were  cat  to  approximately  5x15  mm  for 
the  ELS  stndies  and  5x5  mm  for  the  XPS  experiments. 


A.  IPS  Reasnr amenta 

The  XPS  measurements  were  performed  with  a  UBV  modified  Hewlett 

Packard  HPS950A  electron  spectrometer  equipped  with  a  monochrcmstired  A1  to 

(hv  -  1486.6  eV)  X-ray  source.  The  Al^o^  crystal  used  for  the  XPS 

experiments  was  etched  in  HF  for  2  minutes,  rinsed  in  H^O,  blown  dry  with 

Nj,  tsd  mounted  on  a  molybdenui  plate  with  indima.  The  sample  was  then 

immediately  loaded  into  the  spectrometer  vaeum  systan.  The  sample  was 
—9  a 

kutid  is  HV  (5x10  Torr)  for  mttil  aintti  it  730  C.  This  ptocidue 
prod  seed  a  cle.»  Al^Oj  tufiei  ••  ditialud  bp  n  XPS  imey  mi  (0  - 
1000  «V  kiidii|  *Mi0  region).  Tbt  oalp  observed  ooataaiaatioa  wax  F 
(approxiaat.lp  1/100  aioaolapar)  raaldaa  (rta  tba  chaical  atch  traabaeat. 

No  LEBD  pattara  was  observed  frea  this  ear face.  High  raaolatloa  apactra  of 
tba  A1  2a.  A1  2p.  aad  0  la  cora  lavals.  as  vail  as  tka  0  KVV  Aager 
traaaitioa  aad  tka  valeace-baad  ratios  vara  obtalaad.  A1  aad  0  appaared  to 
ba  la  oalp  oaa  oka  leal  stata.  No  |ro*tk  of  0  or  C  daring  tka  ooarsa  of 
tka  saasarMaata  vas  obaarvad  bp  Monitoring  tka  0  la  aad  C  la  ragioas 
bsfore  aad  aftar  tka  aaasar«aats. 


« 


B.  ELS  and  AES  Measurements 

Prior  to  the  ELS  and  AES  experiments,  the  samples  were  ul trasonical ly 

cleaned  in  acetone  and  methanol  and  then  dipped  in  a  concentrated  solntion 

of  HF  for  30  seconds.  Sample  heating  was  accomplished  by  a  method  similar 
33 

to  that  of  Chang,  In  this  study,  a  sandwich  mas  made  by  placing  a 
0.0 2 -mm  Ta  sheet  between  two  sapphire  crystals  and  the  set  was  securely 
tied  together  with  two  Ta  wires.  The  sandwich  was  mounted  by  clamping 
excess  Ta  sheet,  which  extended  fros  both  ends  of  the  sandwich,  to  the 
sample  manipulator  (Vari an  model  981-2323).  The  sample  was  heated  by 
passing  a  current  of  up  to  10  A  through  the  Ta  sheet.  Approximate  sample 
temperatures  were  measured  by  means  of  a  Pt-Pt/lOMh  thermocouple  that  was 
spot  welded  to  the  Ta  heater  near  the  sapphire  crystals.  An  optical 
pyrometer  was  used  for  the  highest  tmsperature  range.  Once  under  tecum, 
the  samples  were  cleaned  by  successive  Ar+  ion  bombardment  (typically  l.ShV 
at  20mA)  and  heating  to  approximately  1500  C.  After  the  initial  cleaning 
cycle,  the  samples  were  recleaned  every  day  by  heating  only. 

The  ELS  experiments  were  conducted  in  an  ion  pmped  CSV  chamber  with  a 
typical  base  pressure  of  2xl0~10  Torr.  The  chmaber  was  equipped  with  a 
standard  Varian  LEED  system  which  was  used  to  determine  the  two  dimensional 
order  of  the  sample  surface.  AES  and  ELS  were  performed  with  a  HI  single 
pass  cylindrical  mirror  analyser  (CMA)  and  coaxial  electron  gun  (PHI  model 
10*2240).  The  sample  was  always  oriented  perpendicular  to  the  incident 
electron  beam.  For  AES  the  inatr«ent  was  run  in  dN(B)/dE  mode  while 
-d^lD/dB2  aodc  ...4  for  B.8.37-3*  A  BBC  LSI  11/23  aiBioonpntor 
controlled  the  pees  energy  of  tk.  CMA.  Tfcia  ooapnter  control  .1  loved 
.count,  dat.  collection  over  lone  conn  ting  tiaoc,  prcclcc  nccignaent  of 
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loss  energies  with  respect  to  the  incident  electron  energy*  end  the  sbility 
to  naaerically  integrste  the  dif ferentisted  spectra  that  resnlt  f roe  phase 
sensitive  detection.  An  ELS  sweep  over  25  eV  required  fra  S  to  30  ninates 
depending  on  the  proxiaity  of  the  sweep  to  the  incident  beta  energy  and  the 
kinetic  energy  of  the  collected  electrons.  For  a  150  eV  incident  electron 
bees*  an  effective  modulation  voltage  of  1  V  peak- to- peak  resnlted  in  an 
elastic  peak  with  a  1  eV  FVHM. 

III.  RESULTS 

A.  IPS:  The  Valence  and  Core  Staten 

The  IPS  valence-band  spect ran  of  (ll02)  sapphire  is  shown  as  the  top 
curve  in  Fig.  1.  Because  of  charging  problems  inherent  in  insulators*  IPS 
data  are  coawonly  referenced  to  the  valence-band  aaiiaa  (VBM)  or*  if 
accurate  optical  data  are  available*  to  the  CBM.  In  this  paper*  all  IPS 
data  are  referenced  to  the  CBM.  The  band  gap  is  taken  to  be  t.5  eV*  as 
suggested  by  OP.28  The  valence-band  region  is  separated  into  two  distinct 
bands*  which  will  be  called  the  upper  valence-band  (UVB)  and  the  lower 
valence-band  (LVB)  after  Ciraci  and  Batra.18  The  energy  of  the  UVB  aaiiaa 
is  detrained  f ran  the  IPS  date  by  Joining  an  extrapolation  to  the  region 
of  steepest  descent  in  the  valence-band  electron  distribution  curve  with  a 
linear  extrapolation  of  the  baseline.  The  ease  procedure  is  used  for  the 
UVB  ainiaou*  except  that  the  region  of  steepest  deaoeut  is  replaced  by  the 
region  of  steepest  ascent.  In  this  way*  the  width  of  the  UVB  is  detetained 
to  be  9.7  eV.  This  aethod  has  been  used  previously  for  insulators18  and 
gives  good  agreaaeut  with  other  methods.1^  The  LVB  region  contains  two 
intensity  aaxiaa*  a  aajor  peak  at  2S.i  eV  and  a  ninor  peak  at  35.5  eV  with 


» 


respect  to  the  CBM.  Because  of  the  high  sloping  background,  it  is  not 
possible  to  determine  the  positions  of  the  energy  siniav  or  maximoa  of  the 
LVB  very  precisely,  but  the  width  of  the  LVB  aust  be  somewhat  larger  than 
the  separation  between  the  two  peaks,  6.7  eV. 

All  of  the  accessible  core  lines,  the  A1  2p,  A1  2s,  and  0  Is  that  are 
seen  in  Figs.  2  and  3,  apparently  consist  of  single  lines  and  are  assigned 
energies  which  correspond  to  the  peak  maxima.  The  energies  for  all  of  the 
observed  occupied  states  are  contained  in  Table  I,  along  with  values 
extracted  from  the  IPS  data  of  BB*^  with  the  present  definition  of  the  VBM. 
Examination  of  the  IPS  data  in  the  regions  behind  the  LVB,  A1  2p,  A1  2s, 
and  0  Is  core  lines  reveals  a  large  nmber  of  satellites  on  the  high 
binding  energy  side  of  the  core  lines.  These  satellites  are  labeled  A 
through  N  in  Figs.  2  and  3. 

B.  LEGO  JLtti  AES 

Prior  to  the  ELS  experiments,  the  order  and  composition  of  the  (1102) 
sapphire  surface  were  examined  by  L£ED  and  AES.  The  AES  data,  shown  in 
Fig.  4,  were  taken  before  any  in-vacuuu  sample  processing  and  after  the 
sample  was  cleaned  by  Ar*  bombarfeent  and  annealing.  The  A1  LVV  region  of 
the  AES  data  consists  of  three  features  at  35,  53,  and  67  eV,  while  the 
signal  due  to  0  KVV  Auger  electrons  is  observed  aronnd  512  eV.  Two 
features  near  2S0  eV  doe  to  carbon,  and  perhaps  also  to  calcia, 
contamination  are  also  seen  in  the  spectrum  taken  before  cleaning.  The 
spectrum  taken  after  the  sample  was  cleaned  is  representative  of  the  sample 
surface  both  before  and  after  ELS  data  were  collected.  The  AES  spectnmi  of 


* 


clean  sapphire  it  very  riaiiar  to  that  of  sapphire  before  cleaning  with  the 

exception  of  the  impurity  peaks*  which  are  absent  frca  the  clean  surface. 

The  observation  that  the  A1  LVV  portion  of  the  spectra  does  not  change 

during  the  course  of  the  ELS  experiments  indicates  that  the  surface  is  not 

significantly  damaged  by  the  electron  beam. 

The  LEED  pattern  of  the  clean  and  annealed  sapphire  surface  revealed  a 

a  2x1  reconstruction  of  the  nearly  four-fold  symmetric  (1102)  plane*  which 

34 

was  previously  observed  by  Chang.  The  LEED  pattern  consisted  of  fairly 
sharp  spots  at  beam  energies  down  to  about  90  eV.  Below  90  eV*  however, 
the  LEED  spots  started  to  become  diffuse  and  often  faded  away  entirely 
after  several  minutes.  The  LEED  and  AES  investigations  showed  that  the 
surface  was  extrmiely  clean.  ch«ically  stabile*  and  well  ordered 
throughout  the  ELS  data  collection. 
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C.  ELS:  The  Co«<lictlorl»»J  Statu  a  ad  tka  Salk  PI  a  mob 

H.8  data  vara  collected  for  (ll02)  sapphire  ia  fiva  aigaifieaat 
eaergy  loaa  regioas,  vkiek  akoald  eorrespoad  to  tka  axoltatioa  of 
traaaitioaa  frca  tka  varioas  iaitial  atataa  to  tka  eoadaatioa-kaad.  Loaaaa 
ia  tka  1,1  spectra  aajr  alao  ariaa  froa  tka  excitatioa  of  plaaoaa  ia  tka 
saapla.  Tka  ELS  apactra  display ad  ia  Figs.  S  tkroagk  9  eorraapoad  to 
possikla  iatarkaad  traaaitioaa  origiaatiag  fra  tka  OVB.  LVB,  A1  2p,  A1  2i, 
a  ad  O  la  atataa,  respectively.  Tkara  ara  31  ckaraatariatie  eaargjr  loaaaa 
ia  tkaaa  apactra  tkat  kara  baaa  labeled  a  tkroagk  aa.  Altkoagk  of  tka 

eaargjr  loaa  featarea  ia  tka  apactra  appear  to  ke  vaak,  tkejr  vara  all  vary 
reprodacibla  trm  day  to  day  aad  f r<a  saapla  to  saapla.  ELS  apaetra  vara 
collected  at  aavaral  diffaraat  iacidaat  alaetroa  baaa  aaargiaa  for  aack 
loss  ragioa,  aad  apaetra  vara  alao  collected  after  varyiag  aaoaats  of 
alaetroa  baaai  dose  to  a  partiealar  spot  os  a  saapla.  No  variatioas 
oecarred  ia  tka  ELS  apactra  tkat  coaid  be  at tribat ad  to  alaetroa  baaa 
daaaga  to  tka  aaaplaa,  aad  tka  ELS  spectra  appeared  to  be  aaaffactad  by 
saapla  ckargiag  for' iacidaat  baaa  aaargiaa  of  ISO  aV  or  higher. 

After  tka  ELS  experiaeats  oa  claaa  sapphire  vara  ocapleted,  aickel  vas 
evaporated  oato  the  sapphire  ia  Moaats  raagiag  frea  .5  to  S  eqaivaleat  j 

Boaolayars,  as  aoaitorad  by  a  qaartx  crystal  aicrobalaaee.  Ia  all  cases, 
tka  additioa  of  aickel  recalled  ia  savara  serf ace  ekargiag,  vkiek  did  aot 
allov  a  LESD  patters  to  be  observed  beloc  iacidaat  baaa  aaargiaa  of 
approxiaataly  200  aV.  Tka  ABS  data  alao  skovsd  aigaifieaat  distortioa  trm 
0  to  200  aV.  Aaalysis  of  tka  ABS  sigaal  iataasitias  varaas  the  aaoaat  of 
aickel  deposited  iadieated  that  the  aickel  foraed  islaads  oa  the  sarface 
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tod  did  iot  cover  the  titirt  tufici  evea  vkti  prutit  ia  aaoaats 


eqaivaleat  to  S  aoaoleyers.  This  iipiriatat  shoved  that  actal  iaparitiaa 
oa  tha  sapphire  aarfaca  a  ay  act  aa  charge  trapa.  aad  that  the  aarfaca  aaat 
ha  axtraaaly  claaa  hafora  aeaaiagfal  raaaltaaay  ha  ohtaiaad  with  alactroa 
apectroeoopio  techaiqaes. 

D.  US  ggtfliiUi 

A  cloaa  aaaaiaatioa  of  tha  XP8  data  diaplayad  ia  Figa.  2  aad  3  reveal  a 
aavaral  high  biadiag  eaergy  aatallitaa  aaaociatad  with  each  core  level.  It 
ia  vary  likely  that  thaaa  aatallitaa  are  related  to  tha  eaergy  loaaaa 
observed  ia  tha  B.S  spaetra.  Figs.  11  aad  12  have  beea  coast ract ad  to  show 
tha  relatioaahip  betveea  tha  IPS  satellites  aad  ELS  data.  Tha  B.8  data  is 
displayed  as  a  faaatioa  of  N(B)  rather  thaa  -d*N/4E*.  This  aaaerical 
doable  iategratioa  ia  possible  baaaaaa  the  data  vara  collected  digitally. 
Becaaaa  of  tha  eeaplesity  of  Figa.  11  aad  12.  all  faataras  are  refcreaced 
to  tha  labels  ia  Figa.  2  aad  9.  la  Fig.  11.  tha  0  la  IF8  data  are  plotted 
vith  the  O  is  aora  liaa  aa  tha  aero  of  eaergy.  Proa  this  poiat  of  vieo. 
all  of  tha  faataras  ia  tha  eleetroa  distribatioa  aarva  are  a  eoaseqoeaee  of 
0  la  photoel eat roes  vhiah  loaa  eaergy.  Fig.  12  is  aiailar  to  Fig.  II 
a  aaapt  that  tha  aatallitaa  fna  both  A1  2p  aad  A1  2a  photoel  eat  roaa  are 
sees  together.  Tha  appar  eaergy  aaala  aad  ELS  data  aaa  A1  2a  as  tha  eaergy 
aero,  while  tha  lover  eaergy  aaala  aad  ELS  are  ratarad  to  A1  2p. 
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IV.  DISCUSSION 


A.  1EL  v»i«m«-»mI  Pt titty  al  lititi 

Tk«  IPS  dot*  vara  collactad  to  ottiia  am  aoearata  plctvro  of  tka 
valaaaa  aad  cora  daaaitp  of  atataa  la  aapphira.  Tka  raw  IPS  valaaoa-baad 
data  of  Fig,  la  aad  tka  tkaoratical  DOS  akova  la  Pit*  la,  vklak  vat  takaa 
fr<a  tka  vork  of  Clracl  aad  Batra,**  ara  la  t**lltatlva  agraaaaat  la  tkat 
bo tk  kava  algalflcaat  lataaalty  la  tka  uat  aaargy  ragloaa.  Tka 
calcalatloa  kaa  aot  baaa  adjaatad  to  agraa  vltk  tka  axparlaaat.  Bovovor, 
tkara  la  a  larga  dlffaraaca  batvaaa  aaparlaaatal  aad  tkaoratloal  lataaalty 
ratioa  of  tka  DVB  to  tka  LVB, 

Tkia  dlacrapaacy  say  ba  partly  raaolvad  If  pkotoloalaatloa 
crota-aact loa  dlffaraaoaa  for  tka  laltlal  atataa  of  dlffaraat  orbital 
aywatry  ara  eoaaldarad.  la  ordar  to  obtala  i<aa  gaaatltatlva  aorraetloa 
to  tka  ratio  of  tka  axparlaaatal  DVB  to  LVB  DOS,  tka  aroaa-aaatloaa  for  tka 
aappkir,  nliMi-tiii  war,  approaiaatad  ky  tk,  «nir-uitini  for  fr,«  0 2" 
iibiktlli.  Tk,  b*N  itiutui  cilnlitioti^  iko«  tkit  tk,  OVB  aad  LV>  at, 
priaarily  0  2,  aad  2a  ia  ckaractar.  r,ap«ct ivaly.  Tk,  Bartr,,-Slat,r 
calcalatloa,  of  SaotitU^  yi,ld  a  ratio  of  7.S  for  tk,  pkotoloaftaatloa 
croaa-aactioaa  of  0  2a  to  0  2p  for  A1  Ka  ,scltatloa.  Tk,  earn  akova  ia 
Fi,.  ia  tk,  valaao,-kaad  XFS  iptotm  aft,r  aa  arkitrary  kaakgroaad  ka, 
k«,a  aaktraatad  aad  tk,  iat,grat,d  lataaalty  of  tk,  LVB  ka,  k««a  lowered  ky 
■  factor  of  7.3  vitk  r,ap,ct  to  tk,  OVB.  Tk,  r,,altiag  t|ft««al  k«to,,a 
tk,  ratio  of  tk,  iat,aaity  aadar  tk,  OVB  to  tkat  aadar  tk,  LVB  k,to„a  tk, 
aodifiad  ,ap,ria,atal  BOB  aad  tk,  tk,or,ti«al  kaad  atra,tar«  dMioaatrat,d 
ia  Fig*  3  1*  salt,  t°*d.  Fartk,r  ,aaaiaatioa  of  tk,  aodifiad  XFS  data 
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mul  Uit  tk«  ratio  of  tht  DVB  to  LVB  DOS  ia  ipproxiaitily  2.5  to  1.  If 
02’  vat  a  parfact  aodel  for  tka  aapphire  valeace-baa 4,  this  ratio  vould  ba 
esactly  3  to  1.  Tbit  level  of  agreweat  deaoaetratet  that  tba  corraatad 
IPS  data  ara  raaaoaably  talf  coatiataat.  Tka  aajor  ditcrtpaacy  batveaa 
Figt.  lb  aad  lc  it  tka  relative  iataatity  of  tka  diffaraat  faatarat  vitkia 
tka  UVB.  vkara  tka  IPS  data  akov  two  aaia  faatarat  of  aaarly  aqua  I 
iataatity*  bat  tka  calcalatioa  coataiaa  oaa  doaiaaat  paak  vitk  several 
aaallar  oaat.  Tbit  diffaraaca  aay  ba  caatad  ia  part  by  tka  raaolatioa 
faaatioa  of  tka  pkotoalactroa  epactroaetar  aad  by  variatioaa  of  tka 
pkotoaa  ittioa  Croat- tact ioa  vitkia  tka  valeace-baadt*  vkick  do  coataia  too a 
A1  ckaraotar  acoordiag  to  Ciraci  aad  Batra't  calcalatioat. 

Tka  IPS  data  praaaatad  ia  Figt.  1-3  aad  tkat  of  ara  ia  gaaaral 

agretteat*  at  daaoaatrated  by  Tabla  I*  but  tkara  ara  a  fav  diterapaaaiat 
batvaaa  tka  tvo  tatt  of  data.  Fig.  1  of  BB  akov a  tkraa  diatiact  faatarat 
ia  tka  UVB  ragioa*  vkila  Fig.  la  provider  ao  evidence  of  tkair  kigkaat 
biadiag  aaargy  faatara.  Oldar  data  by  Kovalcsyk*  at  el. ******  oa  to  Ar4 
boa  bar  dad  tarfaea  ara  alto  aiteiag  tkia  third  faatara*  vkick  it  aott  likely 
tka  ratal!  of  ratidaal  carboa  coataaiaatioa.  Ia  additioa*  BB  attribvta  tka 
asyoae  try  of  tka  LVB  faatara  to  aa  aartaolved  plawoa  aatallita  about  23  aV 
balov  tka  VBM.  Bovaver*  Fig.  la  akovt  tvo  claarly  resolved  paakt  ia  tka 
LVB  ragioa.  Tka  tkaoratical  DOB  fra  Ref.  Id  ia  Fig.  la  akovt  a  broad  LVB 
aad  a  raaaoaably  kigk  DOB  at  a  biadiag  aaargy  vkick  eorreepoada  to  tka 
aiaor  paak  ia  tka  experiaeatel  LVB.  Tkat*  tka  aiaor  paak  ia  tka  LVB  ragioa 
of  tka  XF8  tpactrv  it  caatad  by  a  traaaitioa  fra  tka  appropriate  iaitial 
atata*  ratkar  tkaa  by  aa  aaargy  lota. 
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b.  Small  touxitx  aaA  MmIim  Hub  Saut 

la  their  ELS  stady  of  polycryatalliae  thia  fila  a-AljOj ,  OP^* 
iilieittd  that  tipoiiri  to  tha  pt iairjr  eleetroa  kta  diaaociated  Al^Oj  to 
prodaoe  oithor  aetallic  A1  or  r«4aoo4  oa!4oa  of  tha  torn  AIO^  oa  tha  aaapla 
aarfaca.  Aa  tvide  ace  for  thia  proceaa,  thay  aota  tha  praaaaoa  of  a  paak  at 
67  aV  ia  tha  A1  LVV  Aagar  apectrw,  vhioh  waa  attrihata4  toaatallie  Al. 
Booever,  tha  Al  LVV  regioa  of  tha  AES  da ta  of  thia  ata4y  (Pig.  4)  la 
axactly  tha  aaae  bafora  a ad  aftar  tha  alactroa  baas  axpoaaraa  repaired  to 
collact  ELS  apactra.  Additloaai  evideaoe  for  tha  poaalbillty  of  AlgOj 
aarfaca  aodificatioa  aa  a  raaalt  of  exteaeive  axpoaara  to  aa  aiaotroa  baas 
ia  provided  by  tha  ELS  apaatra  of  Balaarottl.  at  al.**  laitially,  tha 
spectra  for  claaa  a-Al^Oj  (Fig.  2  of  Baf.  21)  ia  very  aiailar  to  thoaa 
ahooa  la  Fig.  5  of  thia  atady.  Bov ever,  aftar  90  aia.  of  axpoaara  to  a  300 
aV  alactroa  baaa  of  aaapacifiad  aarraat,  tha  fLS  spectra  aaolaad  aatil  it 
raaaaiblad  that  of  Al  aetal  aora  thaa  a-AljOj.  Ia  tha  aarraat  atady  tha  ELS 
apactra  do  aot  chaaga  over  a  period  of  daya  or  fra  aaapla  to  aaaple. 
Therefore,  tha  aiaotroa  baaa  ia  aot  daaagiag  tha  aaapla  ia  thaaa 
experiaeata  aalaaa  tha  daaaga  ia  doae  dariag  tha  firat  AES  acaa.  Tha  47  aV 
AES  featare  ia  Fig.  4  coaid  be  tha  raaalt  of  ehaically  diffaraat  Al  at  or 
aaar  the  aarfaca  vhiah  ia  iatriaaia  to  a  alaaa  eapphire  (1102)  aarfaca. 
Althoagh  the  2FS  data  do  aot  provide  evideaea  for  aora  thaa  oaa  ehaically 
diatiaat  Al  apeelea,  alaatroa  aoaa-fr oo-pa tha  ia  aapphire  iadicata  that  tha 
1FS  aaapliag  depth  raagaa  frea  approxiaataly  23  to  SO  X  for  0  ia  aad  Al 
(2a,  2p)  photoeleetroaa,  vhereas  Aagar  alactroaa  of  aboat  30  aV  aaapla  oaly 
aboat  3  X  iato  tha  crystal.**  Tharafora,  a  diatiaat  Al  aarfaoe  apaaiaa 
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ckaicilly  ikifttd  with  roapoct  to  hwlk  A1  way  ho  oooa  by  AES  iad  wot  IPS. 


This  way  ho 


r!y  iw  tho  IPS  apoetra  of  A1  ootal  with  o  this  oxiAo 


coat tag  roportoA  hy  Villiaaa.  ot  of.4*  Iw  tho  wsawl  aaaplo  go <a a  try  of  tho 
■P99S0A  apootriaotor,  tho  choaioally  ahiftoA  A1  2p  pooh  woo  wot  obaoroablo, 
bwt  waa  cloarly  or  Ida at  whoa  tho  aaaplo  go  coo try  waa  chaagoA  to  graaiag 
olootroa  eolloetioa  aagioa  to  oahaaoo  tho  aarfaco  aoaaitiwity.  It  ia  alao 
poaaiblo  that  tho  sarfaoo  apocioa  iAoatifioA  by  tho  Aagor  apoetra  waa  aot 
pros* at  ot  all  oa  tho  aarfacoa  aaalysoA  by  XPS,  aiaea  tho  aaoploa  woro 
proparoA  by  alightly  Aifforoat  aothoAo. 


Usiag  tho  aiaploat  ooAol  for  tho  woloio  plaaoa  of  aa  iaaalator, *  tho 
aapphiro  balk  plaaioa  oaorgy  a  ay  ho  ealealatoA  to  bo  2S.S  oV  aaawiag  that 


oaly  oloetroaa  ia  tho  DVB  coatribato  to  tho  plaaia.  The 


aity  of 


olootroaa  ia  oatioatoA  to  bo  aia  tiaoa  tho  Aoaaity  of  ozygoa  a  tea  a 

(io.  oaoh  O2-  ioa  eoataiaa  A  2p  olootroaa),  aaA  tho  baaA  gap  of  aapphiro  ia 


S.S  oV.  Proof 


of  aapphiro  aaA  aaoAiaoA  ilaiao  by  optiool 


roflootoaeo  aaA  abaorptioa2'*  aaA  ELS4-4,2*  plaoo  tho  oolao  ploaaoa  oaorgy 
aaywhoro  froo  22  to  2A  oV.  Ia  thia  ataAy.  pooka  g,  k,  aaA  o  ia  tho  &S 
apootra  oooar  at  24.0,  4t.A,  aaA  71.A  oV  loaa  oaorgy,  roopootiwoly.  aaA 


plaaioa,  A  loaat  agaoroa  fit  to  thoao  loaa  oaargioa  aa  a  faaotioa  of  tha 
aabor  of  gaaata  oaoitoA  roaalta  ia  a  volat  plaaaoa  oaorgy  of  24,0  ♦  .2 
oV,  ia  fair  agroaaoat  with  tho  ahowo  oatiaato.  Tho  proooat  Aotooaiaatioa 
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should  represent  a  reasonably  accurate  value  for  the  q-averaged  plaemon 
energy.  times  it  it  bated  oa  etsemtitlly  three  independent  observations. 


d.  hurttri  Iauiiiati  ud  Sulm  lum 

The  energy  lost  festaret  that  ere  aot  sttigaed  to  plsaaoa  lottet  cam 
be  aaalyaed  ia  tent  of  iaterbaad  transitions.  For  a  einple  oae  slectroa 
nodal,  ia  which  any  relaxation  effects  ia  photoen iatioa  transitions  or 
excitoaic  effects  ia  iaterbaad  transitions  are  neglected,  the  iaterbaad 
traasitioaa  can  be  described  as  electronic  excitations  fron  bo and  states, 
either  valence  or  core,  to  aa  aaoccapied  state  ia  the  coadsct  ion-band.  The 
IPS  data  pre seated  previoasiy  provide  the  energy  position  of  the  initial 
states.  Coaseqaeatiy.  the  energy  of  final  states  caa  be  determined  ia  this 
oae  electron  approxinatioa  by  adding  the  energy  of  a  loss  featare  dae  to  aa  \ 
inlerbaad  transition  to  the  appropriate  initial  state  energy.  A  set  of  oae 
electron  final  states  for  sapphire  was  determined  by  aaiag  the  aethod 
described  above  with  the  IPS  sad  ELS  data  for  the  LVB.  A1  2p.  A1  2a.  and  0  j 

i 

la.  Only  ELS  peaks  which  any  be  aaaigaed  to  final  states  that  were 

\ 

accessed  f r<m  at  least  three  different  initial  states  are  considered  here.  ) 

i 

3 

Hi.  fiaal  itit.  data,  ia  co^jaactioa  with  tka  .aargy  loaa  data  of  Fi..  5,  | 

.as  tk.a  aaad  to  dtUalH  tk.  iaitial  stat.s  of  tk.  traasitioas  wki.k  j 

I 

origiaat.  ia  tk.  DVB.  Tkis  proo.dar.  .as  aaad  kaeaaa.  tk.  XF8  data  ia 
Fig.  ia  sko.  tkat  tk.  DVB  ia  a.rjr  kroad  aad  do.s  aot  kava  a  siagl. 

i 

idaatifiakl.  paak.  Tk.  oaa-.l.etroa  aaargjr  imi  diagram  .kick  ia 
aoasist.at  .itk  kotk  tk.  Mr.  1m. 1  aad  .alaao.  kaad  data,  ta  akova  ia 
Fig.  10.  Tk.  2S  lakal.d  iat.rkaad  traasitioas  t.niiaat.  at  i  wsl 1-d.f ia.d 
fiaal-stat.  ragioaa.  .kick  ar.  list.d  ia  Takl.  II.  Asaigaiag  tk.  DVB 
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■itia«  ltd  liiiM  as  the  two  possible  initial  states  for  the  lowest 
energy  loss  featmres  gives  the  best  agrewseat  with  the  final  states 
determined  fra  the  core  initial  state  energy  loss  features.  The  spectra 
are  collected  not  as  N(E)  verses  B  bet  as  -d^N/dE^,  so  that  the  sharp  step 
fnnctions  present  at  the  LVB  nininen  and  saxiam  can  yield  peaks  in  the  ELS 

spectra  if  the  final  state  of  the  transition  is  narrow. 

21 

Balsarotti,  «t  .1.,  knt  aid*  soft  1-njr  abaorptioa  aeasuroaeats  on 
this  AljOj  laplti  .kick  vara  aid*  by  slater lag  aaorpkovs  filas  la  air. 
That,  aaaplaa  vara  ideatified  as  a-AI^O^  vitk  a  backgroaad  of  tka  r  pkasa. 
Faataras  la  tka  X-ray  abaorptioa  apactraa  vara  assigaed  to  alactroalc 
traasltloaa  batwaaa  aa  A1  2p  laltlal  atata  aa4  regioaa  of  tka 
coadaetioa-baad.  Baarglas  of  klgk  atata  daasity  la  tka  eoadactioa-baad, 
vklek  ara  ooaaiataat  vltk  tka  abaorptioa  apeetrra  (Fig.  3  of  Baf.  21),  are 
listad  la  tka  aacoad  colaa  of  Tabla  II.  la  ordar  to  eeapare  tka  ELS 
rasalts  fra  tka  carraat  stady  vltk  tka  X-ray  abaorptioa  data  a  bladlag 
aaargy  of  SO. 9  aV  vaa  aaalgaad  to  tka  A1  2p  laval  (Balsarottl,  at  al.,  asad 
a  valve  of  79. 9*  aV).  Alao,  tka  aaargy  of  tka  azoltoalc  paak,  as  aaasarad 
fraa  Fig.  3  of  kaf.  21,  vaa  takaa  to  ba  79.5  ratkar  tkaa  7t.9  aV,  as  listad 
la  Tabla  I  of  tkat  pa par,  a  ad  faatara  *j  vaa  loeatad  at  91.0  ratkar  tkaa 
90.0  aV.  Tka  agreraaat  batvaaa  tka  abaorptioa  aad  ELS  data,  vklek  caa  ba 
saaa  la  Tabla  II,  is  fairly  good  at  aaargias  of  laas  tkaa  10  aV  a bora  tka 
CBM.  Over  10  aV,  tka  X-ray  abaorptioa  data  kas  a  broad  aad  iataasa 
abaorptioa  baad,  vklek  is  aot  saaa  la  tka  ELS. 

Tka  aoat  iatrlgaiag  part  of  tka  aaargy  laval  diagrsa  (Fig.  10)  la  tka 
state  vklek  oeears  4.0  aV  be lev  tka  <BM.  Faatara  a  at  4.7  aV  loas  aaargy 
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in  Fig.  5  provides  the  best  evidence  for  this  energy  level.  Becense  the 
■ inlaws  energy  of  the  bend  gap  in  eapphire  is  8.5  eV,  the  interbend 
transition  corresponding  to  this  featnre  nnst  have  an  initial  state  in  the 
valence-band  and  a  final  state  at  least  3.8  eV  below  the  CBM.  B.S 
transitions  to  this  band  gap  state  were  also  clearly  seen  for  A1  2p 
(featnre  n)  and  0  Is  (featnre  a)  initial  states  (see  Figs.  7  and  9).  The 
spectre  in  Fig.  5  show  that  the  relative  intensity  of  featnre  a  decreases 
with  respect  to  the  other  featnres  as  a  fnnctioa  of  increasing  electron 
kinetic  energy.  This  behavior  is  exactly  what  vonld  be  expected  if  either 
the  initial  or  final  state  of  the  interhand  transition  were  a  serf ace 
state.  Mecense  core  state  ELS  transitions  to  the  sene  final  state  also 
show  this  dependence,  the  band  gap  state  appears  to  be  a  snrface  state. 

The  ELS  spectra  for  Al^Oj  by  Balxarotti,  et  al..**  have  been  disenssed 
prev lonely  in  regard  to  the  snrface  aodifieation  by  electron  been 
Irradiation.  It  is  iapoftant  to  reiterate  that  the  spectra  of  the 
nndaaaged  snrface  of  polycrystal  line  a-Al^O^  U  virtnally  identical  to 
those  shown  in  Fig.  S  and  a  featnre  at  approxiaately  5  eV  loss  energy  is 
observed  by  Balxarotti  et  al.,  which  is  siailar  to  featnre  a.  This  featnre 
does  not  appear  in  the  clean  Al  spectnai  and  does  not  change  eppreciably  as 
the  snrface  ia  redneed  by  electron  beta  exposnre.  If  the  featnre  at  5  eV 
losa  energy  is  associated  with  a  snrface  state,  then  the  existence  of  this 
featnre  in  the  BL8  of  a  polycry stal 1 ine  aaaple  and  its  invariance  daring 
the  rednetive  taoval  of  0  (ta  the  snrface  indicate  that  the  snrface  state 
ie  likely  to  be  derived  frea  Al  dengling  bond  orbitals. 
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OP  used  the  results  of  their  ELS  experiments  In  conjunction  with  the 

IPS  data  of  BB*  XAS  and  XHS  data  of  Bry  tov  aad  Raaihckiako,  aad  the 
optical  data  of  Araks vs  aad  Villi«s*  in  a  Banner  similar  to  that  described 
above  to  determine  a  high  density  of  coadact ion-band  states  at  -1.0,  1.0* 

5.1*  9,Si  aad  19*5  eV  with  respect  to  the  CBM.  These  states  are  in 
reasonable  agrewent  with  the  present  resalts*  bat  several  points  should  be 
noted  in  cob  pa  ring  the  resalts  of  the  two  experiments.  First*  OP  looked  at 
thin  polycrystalline  filns  instead  of  a  single  crystal  surface.  Visual 
inspection  of  the  ELS  oata  presented  in  Figs.  2  through  4  of  OP  and  that  in 
Figs.  3  through  9  in  this  paper  shows  that  the  present  spectra  have 
significantly  better  resolution*  and  there  is  no  reliable  way  to  estlaate 
the  sigaal-tcr-aoise  ratio  in  the  OP  spectra  because  their  figures  appear  to 
be  hand  drawn  representations  of  their  data.  Also.  Of  reported  three 
features  at  loss  energies  of  3.S*  4.2*  and  5  eV*  which  they  interpreted  as 
indicating  the  presence  of  rednoed  A1  produced  by  electron  btm  irradiation 
on  their  samples  (they  also  observed  features  at  3.6*  4*  and  5.2  eV  on 
metallic  alnaiuin).  No  evidence  for  electron  bean  reduction  of  the 
sapphire  surface  during  ELS  or  AES  measnranents  has  been  found  in  this 
study*  but  a  great  deal  of  care  must  be  taken  in  assigning  the  low  energy 
fLS  features  that  have  been  observed. 

The  ultraviolet  absorption  spectra  and  spectrochaa ical  analysis  of 

t 

upfkifi  aryat.lt  obtalaad  turn  Oslo.  Car bid*  Corporatioa.  slailar  to  tbos.  \ 

i 

■it!  i.  oir  IPS  aad  ELS  aaporiaaata.  ho* a  b**a  r«*orttd  by  aararal 

j 

groa*a.**~*^  That*  aappbira  aaapltt  vara  foaad  to  aoatala  lata  thaa  5  pja  j 
aaab  of  caawoa  traaaitioa  aatal  laparltlaa  iaaladia*  P*.  Ni,  C r.  Co.  Ma.  V. 
aad  Tl.  aaab  of  wbioh  baa  boaa  foaad  to  prodaaa  abaorptloa  baada  bataaaa  3 
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and  8  eV  in  sapphire.4*  In  addition*  the  abaorption  spectra  fra 
as-received  samples  were  essentially  flat  between  3  and  8  eV.  However* 
expos  are  of  sncb  samples  to  high  energy  particle  beats  of  nentrons  or 
electrons*45"47 *49*50  or  heating  to  2000  C  in  a  redncing  atmosphere  for 
2h44#51  reSttjtf^  the  appearence  of  several  absorption  bands  between  4.8 
and  6.5  eV  and  one  emission  band  at  3.8  eV.  These  bands  are  oansed  by  the 
formation  of  F*  and  F  centers*  oxygen  vacancies  in  the  crystal  which  are 
filled  by  one  or  two  electrons.  An  alternative  explanation  for  the  low 
energy  HLS  ieatnres  observed  by  OP  is  that  in  generating  their  Al^O^  sample 
f rcm  the  pyrolitic  deccm po si t ion  of  AlCl^  in  a  00  and  H2  atmosphere*  a 
large  smbsr  of  defects  were  also  formed  in  the  crystallites.  A  set  of 
experiments  on  Al^O^  samples  grown  nnder  similar  conditions  to  those 
employed  by  OP  have  fomnd  a  aeries  of  trap  states  between  2.7  and  3.9  eV 
below  the  whioh  coaid  acooaat  for  the  ELS  fea tares  observed  by  UP. 

The  stadies  in  whioh  oolor  centers  were  indaoed  in  sapphire  by 
redaction  heating  or  high  energy  particle  bombarfeeat  indicate  that  the 
sapphire  crystals  need  in  this  stady  were  free  of  defects  indaoed  by  sample 
preparation.  The  Anger  and  ELS  data  indicate  that  the  sapphire  was  not 
damaged  by  electron  irradiation  anless  extrsmely  low  bem  doses  peait  the 
redaction  and  r  mi  oval  of  0.  Also*  the  tanperatare  need  to  anneal  the 
sample  was  not  high  enoagh*  nor  was  it  sastaiaed  long  enongh  to  create  many 
0  vacancies*  since  temperatares  near  1800  C  for  2  h  in  a  redncing 
atnosphere  did  not  create  absorption  bands  in  sapphire*51  Conseqneatly* 
the  energy  level  4  eV  below  the  CBM  is  almost  certainly  an  Intrinsic  aurface 
state  of  sapphire  (1102).  The  relative  intensity  of  both  the  shoulder 


labeled  b  in  Fig.  5  and  the  -4  eV  surface  state  decreases  with  respect  to 
the  remaining  spectral  features  upon  oxygen  exposure*  Since  feature  b  Is 
associated  with  a  transition  that  has  an  energy  level  1  eV  below  the  CBM  as 
a  final  state,  this  level  may  also  be  a  surface  state ,  although  this  energy 
region  is  also  where  the  bulk  exclton  is  found. 

The  results  of  s  band  structure  calculation  by  Ciraci  and  Batra1*  for 
a  slab  of  sapphire  oriented  along  an  A1  terminated,  unreconstructed  (0001) 
face  are  shown  in  Fig.  10b.  This  calculation  yields  two  empty  band  gap 
states,  labeled  and  S^,  which  are  approximately  1  and  5*3  eV  below  the 
CBM,  respectively*  Both  of  these  states  are  derived  mainly  frm  surface 
layer  A1  broken-bond  orbitals.  Although  the  calculations  were  performed 
for  a  (0001)  plane  of  sapphire  and  the  experiments  were  performed  on  a 
(1102)  surface,  the  correspondence  between  theory  and  experiment  suggests 
that  both  the  experimental  ly  observed  band  gap  states  are  surface  states 
due  to  an  A1  terminated  (1102)  sapphire  surface*  The  presence  of  A1  with 
broken  bonds  at  the  surface  was  also  suggested  by  the  Auger  spectra  of 
Fig*  4,  which  indicate  that  the  sample  has  two  chemically  different  A1 
species  near  the  surface*  Soft  A-ray  absorption  experiments  of  oxygen 
chemisorbed  on  A1  single  crystals  suggest  that  the  chemisorbed  systems  have 
two  surface  states  approximately  2*5  and  3*5  eV  below  the  excitonic 
feature.*^'*1  However,  because  potentially  large  differences  exist  between 
the  ch^isorbed  system  and  bulk  e-AljOj,  as  seem  near  the  absorption 
threshold  in  Fig.  1  of  tef*  31,  it  is  mot  possible  to  relate  these  features 
to  the  *4.0  eV  surface  state  detenmimed  in  the  current  study* 

The  surface  state  4  eV  below  the  CBM  may  be  invoked  to  explain  the 
relatively  mall  amount  of  charging  observed  on  clean  sapphire  surfaces. 
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Btcavif  the  surface  state  is  delocalised  over  the  crystal  surface,  it  aay 
enable  electrons  impingent  on  the  sample  to  flow  rapidly  away  f ran  the 
point  of  b  earn  in  pact.  However,  imparities  on  the  surface,  such  at  nickel, 
may  form  localised  trap  states  on  the  surface  which  could  cause  the  large 
charging  effects  reported  in  the  previous  section. 

All  of  the  one  electron  transitions  in  the  ELS  spectra  of  sapphire 
have  been  interpreted  in  terns  of  excitations  to  regions  of  high  state 
density  in  the  conduction-band  or  in  the  band  gap  for  the  surface  states. 

Heinrich,  et  al,,  reported  ELS  data  on  MgO  (100)  surfaces  and  interpreted 

2  + 

the  loss  features  in  terms  of  transitions  from  the  2p  and  2s  states  of  Mg 

to  empty  atomic  oroitals  of  the  dipositive  ion.  One  set  of  transitions  was 

primarily  surface  sensitive,  and  the  rmiaining  transitions  were  bulk 

derived.  The  surface  states  were  interpreted  as  arising  fr<n  at<mic 

2+ 

transitions  of  the  surface  Mg  ions  which  were  energy  shifted  by  a  Stark 
field  that  was  present  at  the  surface  of  the  ionic  crystal.  The  energies 
of  the  bulk  ELS  transitions  were  in  reasonable  agreement  with  optical 
transitions  for  Mg^*  reported  in  Moore9 a  Tables.**  However,  the  energy 
level  diagram  of  Fig.  10  shows  that  transitions  to  all  but  one  of  the 
various  final  states  observed  for  sapphire  occur  fraa  both  0  and  Al  initial 
states.  This  indicates  that  ch^ioal  bonding  is  important  in  the 
description  of  the  final  states  of  sapphire,  in  that  they  have  both  0  and 
Al  character,  as  shown  by  Ciraci  and  Batra  in  their  band  structure 
calculation.1*  However,  the  regions  of  high  state  density  in  the  sapphire 
band  undoubtedly  arise  fraa  etas  ic-1  ike  states  of  the  ionic  species  in  the 
crystal,  modified  by  chemical  bonding.  The  data  of  Henrich,  et  al.,  may  be 
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«Md  to  coastract  a  oao  electron  turn  lml  diagraa  siailar  to  Pig.  10 
usiag  the  IPS  oat a  by  Kovel cxyk,  at  al., 18,41  along  with  a  7.5  aV  band  gap 
derived  frm  optiaal  data."  Tka  IPS  data  fraa  Kef.  30  ata  aaaaariced  la 
Tabla  1.  and  tka  eoadaotioa-baad  aaargy  levels  for  MgO  (100),  vhick  vara 
darivad  by  aa  aaalyaia  aiailar  to  that  for  aappkira,  ara  ahova  ia  tabla  II. 
Tka  aost  aigaifiaaat  raaalt  ia  tka  aarfaca  atata  vkich  liaa  3.2  aV  balov 
tka  iBM  of  MgO.  A  alab  calcalatioa  of  tka  band  atractara  of  MgO  (100) 
voald  ba  vary  aaafal  ia  fartkar  analysing  tka  asiatiag  data  aata  for  MgO. 

E.  US  Satallitaa 

Tka  Boat  prcBiaeat  IPS  aatallitaa,  tabalad  B,  E.  and  L  ia  Figa.  2  aad 
3,  ocear  a  bo  at  25  aV  balov  tka  0  2a,  A1  2p,  A1  2a,  aad  O  la  liana, 
raapaetivaly,  aad  ara  aadoabtadly  daa  to  aaargy  loaa  fron  a  pkotoal natron 
to  a  voltae  pi  a  anon.  Othar  strong  faataras.  tabalad  0  aad  M,  ooaar  50  aV 
balov  tka  A1  2a  aad  O  la  tiaas  aad  ara  daa  to  doabla  loasas  to  tko  voIms 
pi  a  mob.  Tka  0  la  IPS  data.  Fig.  3,  alao  contain  a  slight  risa,  labalad  N, 
vkich  nay  ba  caasad  by  a  tripla  volaa  plaaaoa  loaa.  Aa  additional  strong 
satallita  of  tka  O  la  pkotopaak,  labalad  K  in  Fig.  3,  is  saaa  at 
approsiaataly  13  aV  balov  tka  corn  liaa.  Fig.  11  skova  that  this  IPS 
satallita  has  a  corraapoadiag  ELS  faatara  vkich  has  baa a  idaatifiad  as  aa 
iatarbaad  transition. 

Tka  KPS  data  for  tka  A1  2p  aad  Ai  2s  aaargy  lavals  also  have 
satallitaa  13  aV  balov  tka  corn  liana,  labalad  A  aad  D  in  Fig.  2.  vkich  arc 
daa  to  tka  iatarbaad  transition  aaatioaad  above.  Hovsvar,  thara  ara 
additional  aatallitaa  labalad  F  aad  M  throagh  J  ia  Fig.  2.  A  ccb pari son  of 


ELS  and  IPS  data  in  Fig.  12  leads  to  the  assignment  of  feature  F  as  an  A1 


2s  photoelectron  which  loses  energy  to  an  interband  transition  between  the 
LVB  and  conduct  ion-band.  A  sinilar  comparison  for  satellite  B  suggests 
that  it  may  be  due  to  losses  fcm  either  an  A1  2s  photoelectron  to  an 
interband  transition  with  an  A1  2p  initial  state*  or  an  A1  2p  photoelect ron 
exciting  a  transition  with  an  A1  2s  initial  state.  IPS  satellites  1  and  J 
could  be  due  to  similar  processes*  bat  the  two  IPS  satellites  correspond  to 
only  one  ELS  feature  located  at  an  energy  intermediate  to  the  two 
satellites.  The  absence  of  two  features  in  this  region  of  the  ELS  spectra 
nay  be  due  to  the  poor  resolution  of  the  (XA.  The  only  completely 
unassigned  satellite  is  that  labeled  C  in  Fig.  2*  which  may  be  due  to  a 
shake-up  process. 

IPS  data  for  many  other  metal  oxides  can  be  found  throughout  the 
literature.41  The  spectra  of  MgO  and  TiO^  contain  satellite  peaks  behind 
several  of  the  core  lines.  These  satellites  are  very  similar  to  those 
observed  in  sapphire*  which  indicates  that  the  loss  peaks  observed  in  these 
metal  oxides  are  also  caused  by  plaMon  losses  and  interband  transitions 
excited  by  the  photoelectrons. 

i 

* 

$ 

V.  Conclusions  f 

S 

Thaaa  >n(iti|iti»ti  hava  taoutntid  that  tki  (1102)  aarfaca  of 
uppkiri  hi  bo  prop,  rod  to  that  It  la  tittatljr  oloaa  a  ad  wall  or  d«  rod. 

Tho  aarfaeo  kaa  a  2x1  LED)  pattara  a ad  doa a  aot  trap  appraelabla  aaoaata  of 
[  ckarga  dariag  alectroa  boa bartea at  bp  althar  LBED  or  AES  alaatroa  gaaa. 

I  : 

Boaavar,  ahaa  avaa  aateoaolapar  aaoaata  of  aiakal  ara  da pool tad  oa  tha 
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iBrfact,  thi  taapU  charges  up  to  as  high  as  *350  V  daring  electron 
bcmbardaeat. 

Aa  experimental  *  one  electron  energy  level  diagrsm  has  been 
constracted  for  sapphire  from  the  data  collected  in  this  investigation  and 
for  MgO  from  literatare  data.  The  valence-band  density  of  states  of 
sapphire  obtaiaed  from  the  IPS  data,  which  has  been  corrected  for 
cross-section  effects*  is  in  reasonable  agrement  with  a  band  stractare 
calcalatioa  by  Ciraci  and  Batra.1*  The  regions  of  high  electronic  state 
density  in  the  condact ion-* band  apparently  arose  fron  transitions  to  empty 
stem  ic-like  orbitals  of  the  constitaent  ions  in  the  crystal.  In  addition, 
there  is  one  empty  sarface  state  approximately  4  eV  below  the  CBM  of 
sapphire  (li02).  This  sarface  state  redaces  the  effective  band  gap  of  the 
(ll02)  sapphire  sarface  frem  8.5  to  4 .5  eV.  The  state  1  eV  below  the  CBM 
nay  be  another  sarface  state  or  an  excitoaic  state.  Finally*  a  series  of 
satellites  in  the  sapphire  IPS  data  have  been  identified  as  energy  losses 
to  plamsons  and  interband  transitions.  XPS  data  for  sapphire  and  other 
metal  oxides  have  been  in  the  literatare  for  10  years  and  the  satellites 
have  lacked  a  detailed  explanation  antil  now. 

VI.  ACKNOVLEDGIGNTS 

This  work  was  sapported  in  part  by  the  Oaiversi tywide  Energy  Kesearch 
Groap  (OEMS)  of  the  University  of  California  and  by  the  office  of  Naval 
Besearch.  iff  acknowledges  the  Cenille  and  leary  Drains  Foaadatioa  for  a 
Teacher- Scholar  Grant  and  the  Alfred  P.  Sloan  Foaadatioa  for  a  Fellowship. 
The  aathors  thank  1.  Batra  for  his  comments  regarding  this  work  and  for 
supplying  material  Incorporated  into  Figa.  1  and  10  of  thin  paper. 


REFERENCES 


C.R.C.  Fnaii,  Brit.  J.  Appl.  Pkgri.  li,  927  (IMS). 

C.  Stopbaa.  J.C.  Laoniir,  lid  S.  Robia,  J.  Opt.  Soc.  Au.  57 .  4M 


(1947). 


3 

4 

5 

4 
7 

5 

9 

10 

11 

12 

13 

14 


E.T.  Arakawa  a  ad  N.V.  Villiaa.  J.  Fbya.  Ck«.  Solid*  21.  735  (194S). 
C.J.  Porall  a  ad  J.B.  3*»,  Fbya.  Irr.  lit.  <40  (19<0). 

N.  Sr  a  a  so  a,  Fbya.  Rot,  1<5 .  1047  (IMS). 

L. B.  Udtt.  Fbya.  Rot.  lfil.  1721  1 1954). 

E. R.  Il'aaa  aad  A.  I.  lu a* t mt ,  Sot.  Fbya. -Sol  it  Stat*.  14 .  1255  (1972). 

B.  Lob.  Solid  Stat*  Caau.  2.  249  (1944). 

M. H.  Railly.  J.  Fbya.  Cbaa.  Sol  ids  21.  1041  (1970). 

F. C.  Hooplas,  Fb.D.  thoais.  OaiToraity  of  Coaaootieat,  1970 
(aapabl iabad) . 

J. A.  Tossal.  J.  Aa.  Cbaa.  Soc.  21.  **40  (1975). 

J.A.  Toaaal.  3.  Fbya.  Cbaa.  Solids  21,  1273  (1975). 

C. L.  Broosr.  J.  Vac.  Sci.  aad  Toebaol.  U.  45*  (1975). 

R.A.  Evaraato*.  A.N.  Eiaoabkia,  aad  V.A.  LorcbifcOT,  Fbya.  Stat.  Sol.  B 


21.  3S7  (19S0). 

l.F.  Batra,  J.  Fbya.  C  U.  3399  (19S2). 

S.  Ciraci  aad  l.F.  Batra.  Fbya.  Rot.  B  21.  992  (19R3). 

A.  Balxarotti  aad  A.  Biaacoai,  Fbya.  Stat.  Sol.  B  21»  4S9  (1974). 

S.F.  Kooalctyk,  F.R.  McFaoly.  L.  Lay,  V.T.  Grit  ay aa,  aad  D.A.  Skirloy, 
Solid  Stat*  Caau.  21.  1*1.  (1977). 

K.  Codliag  aad  R.F.  Naddoa.  Fbya.  Rot.  HI.  5«7  (194S). 


27 


? 


20 


21 


22 


23 


24 


25 


24 


27 


28 


29 


30 


31 


32 


A.  Balxarottl,  A.  Bianconl,  E.  Burattlnl,  M.  Grandolfo,  R.  (label  and  M. 

Piaceatial.  Phyi.  Stataa  Solid!  41.  77  (1974). 

A.  Balxarottl,  F.  Aatoaaagcli.  I,  Olrlaada.  aad  0.  Martiao.  Phyi.  In.  B 
21*  9M3  (1984) . 

A.  Balaarottl.  F.  Aatoaaageli.  B.  Olrlaada,  aad  0.  Martiao,  Solid  State 
m.  41.  275  (19S2) . 


33 


V.A.  Fob  labor.  See.  Pbys. -Solid  State  ft,  2312  (1947). 
l.A.  Bry  toe  aad  Y.N.  Btaaskckeako,  Soe.  Phjre. -Solid  State  2ft.  984 
(1978). 

C. O.  Dodd  aadO.L.  Glee.  J.  Appl.  Pkys.  21.  5377  (1948);  J.  Aa.  Caraale 
Soe.  21,  322  (1970). 

D. W.  Flecker,  Ade.  X-ray  Aaal.  U,  159  (1970). 

C.  Beaadorf ,  0.  Keller.  B.  Seidel,  aad  F.  Tkloee,  Serf.  Sci.  41.  589. 
(1977). 

J.  Olivier  aad  B.  Poirier,  Serf.  Sci.  105 .  347  (1981). 

I.P.  Batra  aad  L.  Kleiaaa.  J.  Bleat.  Spect.  21.  975  (1984). 

A.  Biaaeoai.  B.Z.  Backrack.  aad  S.A.  Flodatroa.  Pkya.  Bee.  B  H,  3879 
(1979);  Solid  State  Ccaaaa.  21.  539  (1977). 

A.  Biaaeoai.  Sarf.  Sci.  ftl.  41  (1979). 

e-AlgOg,  alao  kaoea  as  ooraadw,  kas  rkeakohedral  syaaietry.  Boaeeer.  it 
is  aaaally  refered  to  kexagoaal  axes  for  slakplieity.  See,  for  example 
B.V.O.  Vyekoff,  la  'Crystal  Straetares  II* ,  2 ad  ed.  (Viley.  No* 

York, 1944)  or  B.  Nolder  aad  I.  Cadoff.  Traas.  detail.  Soe.  AIMS  233. 
549(1945). 

C.C.  Ckaag,  J.  Appl.  Phys.  21.  5570  (1948). 


28 


C.C.  Chang,  In  ’The  Structure  and  Chealstry  of  Solid  Surfaces9,  ed.  by 
G.A.  S<sorj«i  (Wiley,  Nee  York,  1969),  artiele  77-1, 

C.C.  Chaag,  J.  Vac.  Sci.  Techaol.  f,  500  (1971). 

J.C.  Beta,  Appl.  Phys.  Lett,  ii,  741  (1980). 

For  e  diecaeeioa  of  ELS  theory  ead  experiment  tee  H.  Froitsheia,  ia 


'Electronic  Spectroscopy  for  Sarface  Analysis',  ed.  by  B.  Ibech 
(Springer,  Berlin,  1977)  p.  205. 

38  J.E.  Bo*.  i*4  H.  I back.  Pky*.  Err.  Lett.  21.  102  (1973). 

39  B.  I  back  aad  J.E.  Bo*«,  Phya.  Bot.  B  £.  1931  (1974). 

40  J.B.  Scofiald,  J.  El.ct .  Spac.  f.  129  (1974). 

43  S.P.  Kovalcxyk,  Pk.  D.  Tkaaia,  Oalaaraity  of  Callforaia.  LBL  Baport 
IBL-4319  (1974)  aapabllakad. 

42  M.P.  Saak  aad  f.A.  Daaek.  Sarf.  aad  Iatar.  Aaal.  1.  2  <1979). 

43  B.S.  Villi**.  S.P.  Kovalcxyk.  P.S.  Vakaar,  G.  Apal,  J.  Stohr.  aad 


D.  A.  Skirl  ay.  J.  Elaatroa  Spactroac.  Balat.  Pbaa<a .  i£,  477  (1977). 
44  B.  Baatkar.  ia  'Bxcitatioa  of  Plaaaoaa  aad  latarbaad  Traaaitioaa  by 
Electron*' ,  (Spriagar-Varlag.  Barlia,  1990). 

43  B.D.  Bvana.  B.D.  Baadricka.  F.D.  Baxxarra,  aad  J.B.  Baaak.  ia  'loa 


laplaatatioa  ia  Saaiooadactora' .  ad.  by  F.  Ckarao*.  J.A.  Bordara.  aad 
O.K.  Brica  (Plea*.  Not  York.  1977  )  243. 

44  E.H.  Laa  aad  J.B.  Crawford.  Jr.,  Phya.  Bot.  B  ii.  3217  (1979). 

42  B.D.  Evaaa  aad  B.  Stapalbroak,  J.  Nael.  Batar.  |i  aad  I£.  497  (1979). 

48  B.B.  Tippiaa.  Phya.  Bot.  B  1,  124  (1970). 

49  P.V.  Levy,  Phya.  Bot.  Hi,  1224  (1941). 

30  B.V.J.  Bitckall.  J.D.  Bigdaa,  aad  P.D.  Teaaaad.  Phil.  Bag.  i.  1013 


K.B.  Ua  aad  J.B.  Craaford,  Jr..  Appl.  Phya.  Utt.  21.  273  (1978). 

52  E.  Barari  iid  B.S.fl.  Boyea.  Appl.  Phya.  Utt.  21.  106  (1973). 

93  V.B.  Hiirick,  Q.  Draaaalhaaa.  tad  B.J.  Zaigar.  Phya.  tar.  Utt.  21*  U* 
(1978). 

^  C.B.  Moor  a,  'Attala  Baargy  Lavala*.  0.3.  Natioaal  Baraaa  of  Staadarda 
Circalar  No.  487  (0.3.  GPO.  Waaklagtoa.  D.C. .  1949).  Vol.  1. 

35  V.B.  Strahlov  aad  B.L.  Cook.  J.  Phya.  Ch«.  Baf.  !*-  2.  183  (1973). 


Tab!*  1.  V8  biadiag  eaergiaa  ia  aapghire  a  ad  MgO 


IPS 

Faatare 


Sapphire 


Tbit  Baf.  17 
fork  (eV>* 
(*V)* 


MfO 

Kafa.  It  a ad  41 

(eV)* 


Upper  Vil«ac«-kaid 
Energy  Naxiaa 

Peak  1 

Peak  2 

Energy  Naxiaa 

t.S  4  .3 
ii. i 

14.9 

It. 2 

I.S  4  .3 
11. t 

1S.I 

7.5  4  .3 
10.0 
12.7 
14.0 

Lover  Valence-Band 
Major  Peak 

Minor  Peak 

2t.t 

33.5 

29.3 

24.3 

30.0 

Mg  2P 

54.5 

Mg  2a 

92.9 

At  2p 

tO. 9 

79.9 

A1  2s 

124.0 

124.9 

0  la 

53t.4 

S37.0 

*A11  eaergiaa  ara  rafaraaoad  to  tha  respective  ooadactloa-baad  aiaiaa. 
Baad  gapa  of  I.S2*  aad  7.554  aV  ara  graved  for  aappkira  aad  MgO 
respectively. 
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Table  II.  CoBdict ior-biftd  energy  levels  for  sapphire  and  MgO 


Sapphire  MgO 

ELS*  X-r.jr  ELSC 

(#V)  Absorption"  («V)* 

(•V) 


-4.0  ♦  .3  -3.2 

-1.0  ♦  .2  -1.4  -.8 

1.1  l.S 

2.3  ♦  .3  2.1  3.3 

5.0  ♦  .4  4.3  3.5 

6.9  ♦  .1  7.3  6.4 

8.7  ♦  .3  11.4 

10.0  14.1 

11.4  ♦  .5  15.7 

15.0  18.7 

17.1  20.0 

20.4  ♦  1.0  20.1  23.0 


*A11  ir«  rtf.r.oc«4  to  tho  eoadactioa-baad  aiaiaa.  For  sapphire 

and  MgO  band  gaps  of  1,5  and  7.5  eV  respectively  were  chosen. 


^Conduct ion-band  energy  levels  calculated  fra  the  1-ray  absorption  data  of 
Balsarotti#  at  al.**  To  facilitate  comparison  of  ELS  and  absorption  data, 
a  value  of  -80.9  eV  vat  used  for  A1  2p  binding  energy  rather  than  -79.91. 
All  energies  for  features  in  the  absorption  spa ct ram  were  taken  from  Table 
1  of  Kef.  21  eacept  for  encitonic  and  A^  features  (assigned  valves  of  79.5 
and  91.0  eV,  respectively),  as  measured  froa  Fig.  3  of  Ref.  21. 


cCoudvct ion-band  values  for  MgO  calculated  ttm  ELS  data  in  Ref.  92  and  IPS 
data  in  Refs.  11  and  41.  No  error  estimates  for  the  ELS  data  provided. 
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FIGURE  CAPTIONS 


FIG.  1.  (»)  Valeaaa-baad  IPS  data  for  (ll02)  itppkiit  obtftiftftd  with 

aoBoekrtaatlsad  A1  to  x-radiatloa.  All  IPS  apactra  prtuatid  la  this  pap«r 
art  rofftrcacftd  to  tb«  coodmct loo-bftftd  aialala.  (b)  IPS  data  afcova  la  (a) 
altar  backgroaad  sabtractloa  aad  seal  lag  la  ordtr  to  radaoa  tka  araa  aadar 
tka  LVB  by  a  factor  of  7.3  witk  raapact  to  tka  area  aadar  tka  UVB.  la 
accordaaca  vltk  tka  calcalatad  pkotoloal xatioa  croaa  cactloaa  for  0  2s  aad 
0  2p  aabakalla.40  (c)  Tka  tkaoratlaal  total  daaalty-of-atataa  for 
aappklra  fraa  a  baad  atractara  calaalatloa  by  Clrael  aad  Batra.*® 

FIG.  2.  IPS  data  for  aappklra  la  tka  aaargy  ragloa  aaar  tka  A1  2p  aad  2a 
cora  1 aval  a.  Tka  looar  aarva  akeva  tka  A1  2p  aad  2a  eora  llaaa  aad  tka 
baakgroaad  oa  tka  aaaa  aaala.  Tka  appar  aarva  la  aa  aalargaaaat  of  tka 
backgroaad  aad  alaarly  akooa  IPS  aatallltaa  vklek  arc  labalad  A  tkroagk  J. 

FIG.  3.  IPS  data  for  aappklra  lacladlag  tka  O  la  aad  F  la  aora  llaaa. 
Floor laa  la  tka  oaly  iaparlty  datactad  by  IPS.  Ika  appar  traea  la  aa 
aalargaaaat  of  tka  aaargy  raaga  bakiad  tka  0  la  llaa  aad  ooataiaa 
aatallltaa  labalad  1  tkroagk  N. 

FIG.  4.  tapraaaatatlva  AES  for  (1102)  aappklra.  Tka  appar  aarva  vaa 
taka a  bafora  tka  aaapla  vaa  alaaaad  aad  aoatalaa  a  paak  daa  to  aarboa 
aoatMlaatloa.  Tka  looar  aarva  la  typlaal  for  a  clcaa  aaapla.  Tka 
apaetral  faataraa  of  aota  ara  tka  alalaa  batvaaa  35  aad  70  aV  daa  to  A1  LBV 
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procuitt  ltd  thou  near  512  eV  ft  cm  0  KVV  procnui*  Excipt  for  the 
carboa  cottaiaatloa,  tha  spectra  are  identical  before  and  after  cleaning, 
and  no  changes  vere  observed  from  the  clean  spectra  with  electron 
baabar^sent  daring  these  experiments, 

2  2 

FIG.  5.  Negative  second-derivative  energy  loss  spectra,  -d  N/dE,  ns  a 
fanction  of  loss  energy  for  (1102)  sapphire.  Peaks  in  this  energy  range 
•eat  be  dae  to  plaaion  losses  or  interband  transitions  between  the  valence- 
and  coadactioa-bends,  Spectra  are  shovn  for  three  different  incident  bean 
energies  (E^)  to  demonstrate  the  loss  featare  intensity  dependence  on 
electron  kinetic  energy.  Featares  are  labeled  a  throagh  g.  Note  that 
featare  a  occars  at  less  than  5  eV;  well  below  the  sapphire  band  gap. 

FIG.  6.  Energy  loss  spectra  for  interband  transitions  with  0  2s  or  lower 
valence~baad  initial  states  in  sapphire.  Featares  are  labeled  h  through  1 
and  the  energy  position  near  featare  k  is  the  expected  location  of  a  doable 
plasnon  loss, 

FIG,  7,  Energy  loss  spectra  for  interband  transitions , with  A1  2p  initial 
states  in  sapphire.  Incident  bean  energies  of  250  and  300  eV  show  sharp 
featares  (a  throagh  t),  while  the  featares  are  smoothed  oat  in  the  1250  eV 
spectra  becante  of  the  poor  resolation  of  tha  QU  at  high  electron  kinetic 
energies,  Featare  m  is  the  energy  location  expected  for  a  triple  bulk 
plaaon  loss. 
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FIG.  S.  Eatto  lota  spactra  (or  iatarbaad  traaaitioaa  with  A1  2a  iaitial 
atataa.  Tha  iacidaat  alactroa  baaa  aaargiaa  ah ova  ara  400  aad  1250  aV. 
Altkoagk  tha  faataraa  tabalad  a  aad  v  ara  vaak.  thay  appeared  reprodvcibly 
ia  several  diffaraat  apactra  at  1250  aV. 

FIG.  9.  Eaergy  loaa  apactra  for  iatarbaad  traaaitioaa  with  0  la  iaitial 
atataa.  Low  iataaaitiaa  at  Zov  iacidaat  baas  aaargiaa  forcad  tba  aaa  of  a 
1250  aV  iacidaat  baaa  aaargjr  spectra  vkara  tha  CNA  raaolatioa  ia  low. 
Hovever.  all  tba  labalad  faataraa  vara  raprodacibla. 

FIG.  10.  (a)  Tha  aapirical  oaa  alactroa  aaargy  laval  diagras  for  (ll02) 

aapphira.  Occapiad  atata  aaargiaa  vara  extracted  tra  tha  IPS  data  vhila 
tha  coadactioa-baad  aaargiaa  vara  obtaiaad  by  addiag  tha  loaa  aaargiaa  frca 
tha  ELS  data  to  tha  iaitial  atata  aaargiaa.  Coadactioa-baad  atataa  ara 
akova  aa  horiaoatal  liaaa.  ELS  traaaitioaa  ara  rapraaaatad  by  arroca  fra 
tha  iaitial  to  fiaal  atataa  vith  tha  arrov  haada  (triaaglaa)  aaatarad  oa 
tha  fiaal  atata  aaargy .  (b)  A  thaoratical  deacity-of-statea  fraa  a  baad 

atractara  calca’atioa  by  Ciraci  aad  Batia1^  for  a  Id  layar  alab  of  aapphira 
tamiaatad  at  a  (0001)  aarfaca.  Tha  parcaataga  of  A1  charactar  ia  tha  tvo 
baad  gap  atataa  ia  rapraaaatad  by  tha  black  ahadiag. 

FIG.  11.  Ccapariaoa  of  tha  IPS  aatallitaa  to  tha  ELS  data.  (IPS)  Tha  IPS 
data  for  tha  0  la  cor a  liaa  plottad  vith  tha  aaxiaaa  of  tha  0  la  liaa  aa 
tha  taro  of  aaargy.  Thia  aapahaixaa  tha  aaaigaeat  of  IPS  aatallitaa  aa 
aaargy  loaaaa  frca  0  la  photoalactroaa.  (ELS)  N(E)  alactroa  aaargy  loaa 


pcctra*  vami  lost  energy,  for  sapphire.  Selected  doubly  differentiated 


oat  spectra  froa  Pigs.  5  through  9  were  nwerically  integrated  and  plotted 
a  N(B)  versus  energy  lota. 

FIG,  12.  Hie  three  parts  of  this  fignre  allow  the  A1  2p  and  2s  satellites 
o  be  cob  pared  with  EL8  data.  (IPS)  The  IPS  data  in  the  A1  2p  and  2s 
egions  are  enlarged  and  plotted  with  the  aiiiav  of  the  At  2p  line  as  the 
ero  of  energy  on  the  botton  scale  and  the  A1  2a  line  as  the  aero  of  energy 
n  the  top  scale.  (ELS  a)  These  curves  are  integrated  energy  loss  spectra, 
iailar  to  Pig.  11*  plotted  with  the  A1  2a  line  as  the  aero  of  energy  loss. 
ELS  e>)  Integrated  energy  loss  spectra  plotted  with  the  A1  2p  line  as  the 
ero  of  energy  loss. 
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